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This dissertation presents a wide-band lumped element equivalent circuit model and a 
building block-based scalable circuit model for multiple quantum well laser diodes.  The 
wide-band multiple-resonance model expresses two important laser diode characteristics 
such as input reflection and electrical-to-optical transmission together. Additionally, it 
demonstrates good agreements with the measurement results of the selected commercial 
discrete laser diodes.  The proposed building block-based modeling approach proves its 
validity using a numerically derived scalable rate equation.  Since success in a circuit 
design depends largely on the availability of accurate device models, the practical 
application of the proposed models provides improved accuracy, simple implementation 
and a short design time. 
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Chapter 1. Introduction 
 
Semiconductor laser diodes have been used as the main sources of fiber-optic 
communication systems and optical interconnections.  Since the accuracy of the circuit 
simulation cannot surpass the accuracy of the individual equivalent circuit models used, 
building an accurate laser diode model becomes more important in modern high-speed 
optoelectronic integrated circuit (OEIC) design.  Various efforts have been made to get a 
well-established laser models such as a rate equation-based model and a finite-difference-
time-domain (FDTD) -based model for OEIC design however, the difficulty of extracting 
accurate model parameters in the rate equation-based model case and the long simulation 
time in the FDTD-based model remain major obstacles to applying them to actual OEIC 
design. 
 
Motivated by these observations, this dissertation presents a measurement-based small-
signal multiple resonance lumped-element model for ready-made laser diodes.  Important 
laser characteristics, such as input reflection and electrical-to-optical transmission, the 
main concerns of circuit designers, are expressed together over a broad frequency range.  
A simple model implementation process and short simulation time demonstrate its 
usefulness. 
 
Although the lumped element modeling for ready-made laser diodes meets some needs of 
circuit designers, it does not satisfy the needs of changing the laser diode geometry to 
allow circuit design engineers to have more control over the circuit design.  In this 
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respect, a broadband building block-based scalable laser diode model is also proposed.  
Originally, we intended to use Microelectronic Research Center (at Georgia Tech) 
fabricated ridge wave-guide laser diodes for this scalable laser diode modeling; 
unfortunately, the obtained devices did not show reasonable AC performance.  Thus, we 
derived a cavity length scalable rate equation numerically, and constructed a building 
block-based scalable model.  The comparison of simulation results confirmed the 
effectiveness of the proposed methodology in scalable laser modeling. 
 
Chapter 2 gives a brief background of laser diode operation and various types of laser 
equivalent models.  Two proposed laser models are fully explained in Chapter 3, and 




Chapter 2. Background and the Types of Laser Diode Models 
 
2.1. Edge-Emitting Laser Diode Properties 
2.1.1. Laser Diode Structures and Operating Principles 
When a voltage is applied to a degenerated pn junction device, considerable electrons and 
holes are injected into the transition region.  If the bias is large enough, the transition 
region contains a high concentration of conduction band electrons and a high 
concentration of valence band holes as shown in Figure 2.1.  In other words, a population 
inversion exists around the junction.  This population inversion region is also called the 
active region.  As the current is increased to the level of significant population inversion, 
the stimulated emission of radiation (i.e., highly directional, monochromatic, coherent 








Figure 2.1 The formation of population inversion: (a) under weak 
forward bias, and (b) under strong forward bias. 
p  n p  n 















Another condition to sustain continuous laser operation from the device is the optical 
cavity.  Its main function is to implement a laser oscillator, or to build up the intensity of 
stimulated emissions by means of an optical resonator. 
 
In a semiconductor laser, cleaving two ends of the laser diode chip will form mirror 
facets. Initial light output begins because of spontaneous transitions between conduction 
band and valence band, and this small amount of light output is selectively amplified in 
the cavity between the two mirrors.  Since only multiples of the half-wavelength can exist 
in an optical cavity, the radiation wavelength that can build up in the cavity is determined 




0λ= ,     (2.1) 
where m is an integer, λ0 is the free space wavelength, and n is the refractive index of the 
semiconductor.  The resonant frequency of the cavity, i.e., a mode of cavity, satisfies the 
above relationship.   
 
The device described thus far is a homo-junction laser, since both p and n regions are 
fabricated with the same semiconductor.  The drawback is that it is difficult to have a 
well-defined active region and mode volume thickness.  This means that homo-junction 
lasers cannot be continuously operated at room temperature.  To overcome this limitation, 







Figure 2.2 Hetero-junction structure; (a) layer structure, (b) band diagram,  
and (c) optical confinement. 
 
The injected carriers are confined to a narrow region so that population inversion can be 
built up at lower drive current levels. In addition, the refractive index change at the 
hetero-junction provides a better optical confinement of the photons. 
 
Further improvements in laser performance are possible by introducing a quantum well 
structure.  A typical single quantum well device has an ultra-thin narrow band-gap 
material sandwiched between two wider band-gap materials (Figure 2.3a).  The electron 
concentration at E1 increases rapidly without the need for a large current injection; hence, 
population inversion occurs quickly.  Another advantage is that it has a narrow line width 
in the output spectrum since the majority of the electrons stay at or near E1 and holes stay 
at or near E1′, the range of emitted photon energies are very close to E1 - E1′.  The 
multiple quantum well structure schematically sketched in Figure 2.3 extends the 
advantages of the single quantum well laser.  It is composed of alternating ultra-thin 
layers of wide and narrow band-gap semiconductors.  The narrow band-gap layers play 
the active layer parts where electron confinement and lasing transition take place and the 
wide band-gap layers provide the barrier layer parts. 
n p p 
Loss     Gain         Loss 









Figure 2.3 Quantum well structure band-gap diagram; (a) single quantum 
well laser and (b) multiple quantum well laser. 
 
Finally, the introduction of compressive strain into the multiple quantum well lasers leads 
to low internal loss, high quantum efficiency, low threshold current operation, and small 
line-width enhancement factors [1-3]. 







Active layer Passive layerActive layer 
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2.1.2. Light Output and Current Relationship 
For a better understanding of semiconductor laser diode operation, let us discuss the light 
output-current (L-I) relationship, one of the important laser characteristics. 
 








=++= )( .    (2.2) 
The left term represents the generation term, ηi I/q electrons per second being injected to 
the active region V, and the right term represents the recombination term such as the 
spontaneous recombination rate Rsp, the nonradiative recombination rate Rnr, and the 
carrier leakage rate Rl.  Above the threshold, the recombination rate will be clamped at its 
threshold value.  
 











,     (2.3) 
where vg is the group velocity and g is the gain per unit length.  If we substitute Equation 
2.2 into the above photon density equation, a new above-threshold photon density 










)(η .  (I > Ith) (2.4) 
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. (at steady state)  (2.5) 
The optical output is constructed as the multiplication of stored optical energy in the 
cavity and the energy loss rate through the mirrors as shown in equation (2.6). 
       ppmgO VhvNvL α= ,         (2.6) 
where hν is the energy for photon, Vp is the cavity volume, and vgαm is the energy loss 
rate through the mirrors.  By defining the average internal loss < αi > and the mirror loss 
αm, the equation is written as Γgth = < αi > + αm using Γ = V/Vp; then Equation 2.6 can 
















αη .  ( )thII >  (2.7) 
 
By applying another definition ηd = ηiαm/( < αi > +  αm ),  Equation 2.7 can be simplified 
as 
)( thdO IIq
hvL −=η . ( )thII >    (2.8) 
This equation shows that the light output power above the threshold is a linear function of 









Figure 2. 4 Light output vs. current (L-I) relationship. 
 
The differential quantum efficiency, defined as the number of photons out per electron, 










2.1.3. Temperature Dependence 
The laser diode output characteristics tend to be temperature sensitive.  Figure 2.5 








Figure 2.5 Light output power vs. driving current at different temperatures. 
As the temperature increases, the threshold current shows a steep increase, typically as 
the exponential of the absolute temperature.  The output spectrum also moves with the 
temperature changes.  For example, the peak emission wavelength of a single-mode laser 
diode exhibits “jumps” at certain temperatures.  This jump corresponds to a “mode hop” 
in the output.  This phenomenon can be interpreted as another mode at a different 
operating temperature fulfilling another laser oscillation condition, which refers to a 
discrete change in the oscillation wavelength.  As mode hopping is undesirable 
phenomenon in almost all applications, thermoelectric coolers are usually integrated into 










Temperature dependence is especially strong in InGaAsP lasers used for optical 
communications because the efficiency of Auger recombination increases with the 




2.2 Physics-Based Laser Diode Models 
2.2.1 Rate Equation Method 
One of the prevailing laser diode models is based on a set of rate equations.  The rigorous 
derivation of these equations originates from Maxwell equations with a quantum 
mechanical approach for the induced polarization [4].  However, the rate equation could 






































.      (2.11) 
 
Equation 2.9 relates the rate of change in carrier concentration N to the drive current I, 
the carrier combination rate Rw(N), and the stimulated emission rate S.  Equation 2.10 
relates the rate of change in photon density S to photon loss, the rate of coupled 
recombination into the lasing mode, and the stimulated emission rate.  The photon 
density S to the output power Pf is described in Equation 2.11.  
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In the case of practical circuit design application, the above equations go through 
additional rearrangements and the introduction of several definitions.  While the detailed 

























Figure 2.6 Simple equivalent circuit model for a quantum well laser diode. 
 



















Table 2.1 Parameters to build the equivalent circuit model in Figure 2.6, the values 
are taken from [6]. 
 
Parameter Description Value 
ηi Current injection efficiency 0.86 
λ Emission wavelength 980nm 
Nw Number of quantum well 1 
Vact Volume of one quantum well 6×10-18 m3 
Γc Optical confinement factor of one QW 0.019 
νgr Lasing medium group velocity 8.571×107 m/s 
τp Photon lifetime 2.759 ps 
ηc Output power coupling coefficient 0.449 
N0 Optical transparency density 1.5×1018 cm-3 
G0 Gain coefficient per quantum well 1500 cm-1 
ε Phenomenological gain saturation term 1×10-17 cm3 
A QW uni-molecular recombination rate coefficient 1.1×108 s-1 
B QW radiative recombination rate coefficient 0.7×10-10 cm3/s 
C QW Auger recombination rate coefficient 0.6×10-29 cm6/s 
Ab SCH unimolecular recombination rate coefficient 1.3×108 s-1 
Bb SCH adiative recombination rate coefficient 1.4×10-10 cm3/s 
Cb SCH Auger recombination rate coefficient 1.3 ×10-29 cm6/s 
βA Unimolecular recombination coupling term 0 
βB Radiative recombination coupling term 1×10-4 
βC Auger recombination coupling term 0 
Vbarr Volume of SCH layer 2.25×10-16 m3 
τcapt Quantum well capture lifetime 45 ps 
τem Quantum well emission lifetime 400 ps 
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Rate equations have various levels of complexity to express more accurate laser 
operations.  The above model is one of the simpler equivalent circuit models.  In other 
words, more complex equations and many parameters are required to improve model 
performance. 
 
The main problem with the rate equation based model is that circuit designers need to 
know the physical fabrication parameters of the laser, which includes the number of 
quantum wells and the volume of one quantum well.  Although laser manufacturers 
provide such data, it is typically limited and insufficient for the circuit design.  In 
addition, the remaining parameters still need a lot of measurement facilities and a long 
measurement time.  Consequently, a considerable computational burden could be 
imposed using differential equations and exponential functions in the model. For example, 

































τη . (2.12) 
 
Finally, rate equation based models could have an advantage in expressing nonlinear 
characteristics like near threshold operation: they are critical for OEIC design due to the 
slow speed and signal distortion from operation in the nonlinear region.   
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2.2.2 Finite-Difference-Time-Domain (FDTD) Method 
Another physics based laser diode modeling technique uses finite-difference-time-domain 
(FDTD) method, which is a popular electromagnetic modeling technique.  The FDTD 
belongs in the class of differential time domain numerical modeling methods.   
 
In the semiconductor laser diode modeling area, the physically based FDTD device 
model predicts the electrical characteristics associated with specified physical structures 
and bias conditions.  First, two- or three-dimensional mesh, consisting of numerous nodes, 
is setup to approximate the real operation of a laser diode as shown in Figure 2.7.   
 
 
Figure 2.7 A mesh example from the commercial software, Silvaco ATLAS [7]. 
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To simulate the semiconductor laser diode using physics-based numerical method, at 
least four kinds of partial differential equations are necessary.  They are the Poisson 
equation for the electrostatic potential, the continuity equation for the carrier 
transportation, the vector Helmholtz equation for the optical field, and the photon rate 
equation for the stimulated light output.  There are many systematic approaches to solve 
the laser diode operation numerically [8-11].  A general procedure to reach a solution is 
explained in the following way.  First, a simulator solves the Poisson equation for the 
given device conditions and generates potential.  Second, the potential obtained is 
substituted into the continuity equations for holes and electrons. Third, it solves the 
Helmholtz equation to obtain optical profile, and fourth, using the iterative calculation 
with the photon rate equation, the tool solves for the individual photon-numbers in the 
cavity, This procedure is repeated for convergence at an initial bias point and the device 
is recalculated for the next bias point. 
 
Several literatures established those laser diode operation governing equations [12-14], so 
the explanation on each partial equation will be given only briefly as below. 
 
The electronic part of the laser diode operation can be solved using Poisson equation, 
which is given by 
( )
ε
ρφ −=∇⋅∇       (2.13) 
where φ is the electrostatic potential, ρ is the charge density, and ε is the permittivity. 
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This is the generalized Laplace’s equation (∇⋅(∇φ)=0), one of the important and basic 
partial differential equations.  The usual charge density expression and the relationship 
between the potential φ and the hole and electron concentrations are  
( )npNNq ad −+−= −+ρ      (2.14) 
kTqepp /0
φ−⋅=       (2.15) 
kTqenn /0
φ⋅=       (2.16) 
where Nd+ and Na- are the ionized donor and acceptor concentrations, respectively. P0 and 
n0 are the equilibrium concentration of holes and electrons.  Solving the Poisson equation 
with the given conditions generates the potential profile in the presence of electrical 
charges. 
 
The electronic equations are coupled into the optical part by the recombination terms in 










=⋅∇      (2.18) 
where Rnr is the non-radiative recombination rate such as SRH and Auger recombination, 
and G the generation rate. 
 
The wave equation for the electric field in the cavity of an edge-emitting laser diode can 

























EE rεεσμ     (2.19) 
where E is the electric field, σ is the conductivity, εr is the electric permittivity, and P is 
the polarization due to spontaneous recombination of electron-hole pairs. 
 
Under the condition of the transverse 2-D cuts and a longitudinal 1-D situation, the 























      (2.21) 
εxyz denotes the relative combined permittivity at the optical frequency, which can 
include material gain  
( ) ( ) ( )( )zyxzyxriczyxn stxyz ,,,,2,, 0
α
ω
ε −+=    (2.22) 
with the refractive index n, local material gain rst, and free carrier absorption α. 
 






= , the photon rate equation is 





















    (2.23) 
where Rsp(t) is the spontaneous emission into the considered cavity mode. 
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The partial differential equations are simply modified to central difference equations, 
discritized, and implemented in software code. And then, the equations are solved in a 
leapfrog manner to the end of calculation time.   Through this procedure, it is possible to 
simulate the carrier transportation through a semiconductor laser diode structure or the 
electrical performance of a laser can be modeled in DC, AC or transient mode of 
operation. 
 
To use FDTD method a computational domain should be established.  The electro-
magnetic field will be calculated at every point within the computational domain.  Since 
FDTD requires that the entire computational domain be gridded, and these grids should 
be small compared to the smallest wavelength and smaller than the smallest feature in the 
model. Very large computational burden cannot be avoided.  Models involving several 
partial differential equations like a laser diode model need excessively large 
computational time.  For example, one of the general laser physics simulation software, 
Silvaco ATLAS, takes several days to obtain reasonable laser operation responses.   
 
Physically based FDTD laser diode modeling has two advantages. It can provide insights 
in the level of device physics, which is useful for laser device fabrication engineers, and 
it can also provides information that is difficult or impossible to measure.  However, this 
method suffers several limitations. First, modeling engineers should know the exact 
physical structure, which is impossible in most cases. Second, it needs very long 
simulation time. Because FDTD requires that the entire computational domain be meshed 
small enough, very large computational domains should be established to get an accurate 
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response. Actually some of my simulation trials showed that it could take six hours for a 
simple structure and several days for a complex structure.  Lastly, FDTD finds the 
electro-magnetic fields directly everywhere in the computational domain; thus, 
considering the field profile beyond the laser output facet will force the computational 
domain to be excessively large.  As a result, it increases the simulation time additionally. 
 
In terms of computational burden, the lumped-element equivalent circuit model can 
significantly lower calculation load.  The main reason comes from the fact that the model 
consists of linear components only like a resistor, inductor and capacitor (RLC).  
Although capacitors and inductors introduce time derivative terms into the circuit, they 
cause just linear differential equation terms. The analytical solutions for the linear circuits 
can be easily obtained with a simple algebraic equation substitution using Laplace 
transform technique.  The actual implementation in the commercial circuit simulator such 
as a SPICE uses nodal analysis approach [15, 16].  It first arbitrary label every node in 
some order then continue to label every element whose current is one of the outputs.  
Capacitances and inductances are considered only in the time domain and their 
contributions are obtained by applying finite differencing methods to their branch 




2.3 Circuit-Level Laser Diode Models 
2.3.1 Small-Signal Equivalent Circuit Model 
Laser rate equations with the time derivatives, as shown in Equations 2.9 and 2.10, 
should be analyzed to ascertain the dynamical behavior of the laser diode to a 
perturbation such as a modulation of the current.  Unfortunately, exact analytical 
solutions to the full rate equations cannot be obtained.  Therefore some approximations 
are needed to find analytical solutions.  It is possible to assume that the dynamic changes 
in the carrier and photon densities away from their steady-state values are small.  Under 
this assumption, the small-signal responses of one variable in terms of a perturbation to 
another can be expressed by taking the differential rate equations.  
 
For example, Salehi et al. assumed small-signal perturbation condition on a set of the 
single mode rate equations [17] as follows: 
( ) ( )tjiItI ωexp0 ⋅+= ,    (2.24) 
( ) ( )tjnNtN ωexp0 ⋅+= ,    (2.25) 
( ) ( )tjsStS ωexp0 ⋅+= ,    (2.26) 
where I0, N0, and S0 are the steady state solutions, and i, n, and s are the magnitudes of 
the corresponding small-signal perturbations. DC bias voltage Vj(t), optical gain Gm(t), 
trap density T(t), and average light power Pavg(t) are defined in the same manner.  By 
applying several numerical operations, derivations of coefficients, and separations of the 




















piipCj +Δ−Δ−Δ+Δ=Δ ααω .   (2.28) 
The detailed explanations are omitted.  The final small-signal equivalent circuit model is 
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The upper part of the above schematic shows an input electrical equivalent circuit model, 
and the lower part of the schematic displays an optical equivalent circuit model, where 
the photon density depends on density of the electrical carriers. 
 
Although this model has the significant features of including the influence of substrate 
and package parasitics, and it facilitates the inclusion of device-circuit interactions in 
calculated response characteristics.  These kinds of small-signal models need the physical 
parameters of the laser diodes.  Thus, the parameters for the equivalent circuit in Figure 
2.8 should be known before making a model.  Table 2.2 summarizes the parameters. 
 
Table 2.2 Parameters for the example equivalent model in Figure 2.8. 
Parameter Description Value 
Vqw Volume of the quantum well 23.425 μm3 
λ Wavelength 980 nm 
αI Intrinsic loss 11.8 cm
-1 
B Band-to-band recombination coefficient 3.4×10-11 cm3s-1 
β Spontaneous emission coupling coefficient 9.8×10-4 
R Reflectivity 0.3 
Eqw Energy of the quantum well 1.482 eV 
Rb Series resistance 4 Ω 
Γ Optical confinement factor 0.187 
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2.3.2 Large-Signal Equivalent Circuit Model  
If semiconductor lasers are biased below or close to the threshold level, modulation depth 
does not satisfy the valid criterion, that is, the small perturbation i is not much smaller 
than the steady state current I0, then the linear system approximation is impossible.  To 
decide the dynamic response of the laser diode under the condition of large-signal inputs, 
the general rate equations 2.9 and 2.10 should be used.  They are valid below the 
threshold region and above the threshold region.   
 
One of the large signal model approaches was implemented using the Hewlett Packard 
Advanced Design System (HP-ADS) symbolically defined devices (SDDs) model to 1.3 
μm InGaAsP/InP Fabry-Perot lasers [18-20].  They claimed the model enables the 
simulation of the transient and steady state dynamic performance of the given laser 
diodes including carrier concentration, photon density, optical power level, and phase 
response.  The SDD is an equation-based component that enables for engineers to define 
non-linear, custom components easily.  Specifying device operation equations that relate 
port voltages, port currents, and their derivatives is a core part of the actual 
implementation of the SDD.  The benefits of the SDD is that once a model is defined, any 
circuit simulator in Advanced Design System can use the model, and derivatives are also 
calculated automatically in the process of simulation.  They modified the normalized 
laser model given in [18] by introducing the effects of the noise sources and the phase 




























      
 


































































+−⋅⋅=      (2.31) 
 
The above equations include the relationships below.  
th
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P represents the photon density, C represents the active region carrier density, Ctho gives 
the threshold carrier number at room temperature, Ctro gives the transparency carrier 
number at room temperature, and the mean of the carrier number is expressed by C .   
 
The three-port symbolically defined device model schematic is implemented and shown 
in Figure 2.9, and the designated equations and their variables are presented in Figure 
2.10.  The input current drives the port 1, the corresponding carrier density in the active 
region is calculated in the port 3, and then the photon density in the port 2 is derived from 
the input driving current and the carrier density.  It is noteworthy that this model relates 
port currents, port voltages, and their derivatives simultaneously. 
 
 
Figure 2.9 The schematic of the SDD implemented laser diode model. 
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Figure 2.10 The variables nomination of the SDD implemented laser diode model. 
 
Figure 2.11 shows that this model can simulate the performance of direct modulation. 
 
Figure 2.11 The electrical-to-optical transfer response of the directly modulated laser diode. 






















Table 2.3 summarizes other parameter names and their descriptions.  General parameters 
such as Boltzmann’s constant (k), electronic charge (q), permittivity of free space (ε0), 
Plank’s constant (h), and speed of light (c) are omitted for convenience. 
 
Table 2.3 Device parameters for InGaAsP/InP laser diodes [18-20]. 
Parameter Description Value 
L Active region length 250 μm 
W Active region width 2 μm 
d Active region thickness 0.2 μm 
λ Operating wave length 1.3 μm 
Ctro Transparency carrier density 1×1024 m-3 
R1 Reflectivity factor of front facet 0.3246 
R2 Reflectivity factor of front facet 0.3246 
Γ Mode confinement factor 0.3 
n  Effective mode index 3.5 
ng Group refractive index 4 
β Line with enhancement factor 5 
℘0 Differential gain coefficient 2.5×10-20 m2 
Anr Nonradiative recombination rate 1×108 S-1 
B0 Radiative recombination coefficient 1×10-16 m3/S 
Cao Auger recombination coefficient 3×10-41 m6/S 
dm Dipole moment 9×10-29 C·m 
τin Dipole relaxation time 0.1×10-12 S 
τc Electrons interaband relaxation time 0.3×10-12 S 
τv Holes interaband relaxation time 0.07×10-12 S 
βsp Spontaneous emission factor 10
-4 - 10-5 
T0 Active region characteristic temperature 70 °K 
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One example of the large signal equivalent circuit models is presented in this section.  
They claimed that their model is the first one that includes thermal effects, leakage 
current, and noise effects simultaneously in their enhanced set of laser rate equations [20].  
It is desirable that the model can include various noise evaluations such as laser relative 
intensity noise (RIN), frequency noise spectrum (FNS), and line-width Δf simulations.   
 
Although their approach has several advantages, the modified rate equations still require 
many physical parameters, as shown in Table 2.3, and the extended equations cannot be 
solved analytically; thus, applying a numerical algorithm to the calculation process is 
inevitable.  This step is possible by iterating from one rate equation to the next step using 
a small increment of time Δt in place of dt.  It results in a considerable simulation time 
increase.  Besides the limitations such as the need of physical parameters and long 
calculation time, the other critical disadvantage is that it does not include appropriate 
procedure for implementing the input reflection responses in the model.  Since the system 
performance enhancement, such as dynamic range improvements and signal distortion 
reduction cannot be realized without including correct input reflection responses, 
omitting this aspect of a laser device could be a tremendous obstacle in the actual circuit 
design application. 
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2.3.3 Macromodels  
One of the major methodologies for integrating the device behavior into circuit 
simulation tools is the macro-modeling approach.  We can consider the macromodel as a 
black box which captures the device behavior at the input and output ports.  Using the 





















0        (2.38) 
where s = j⋅ω, ω is the angular frequency in radians per second.  H(s) can be scattering, 
admittance, or impedance parameters.  The goal of solving Equation 2.38 is to represent 
the frequency response H(s) as a rational function by computing the orders NS and DS 
and the coefficients nsa  and dsb  of the numerator and denominator, respectively [21]. 
 
There are many approaches to obtain the coefficients of the above rational function [22].  
Choi et al. showed one of the effective procedures to calculate the needed coefficient [23], 
which is briefly explained as bellows. 
 












ns sbsHsa      (2.39) 
As H(s) is the measured data or simulated data, Equation 2.39 can be written as a matrix 
equation: 
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A         (2.40) 
By multiplying the transpose of [A], Equation 2.40 becomes: 
[ ] [ ][ ] [ ]0=xAA T        (2.41) 
By [22, 24], the above equation can be written as: 
[ ] [ ][ ] [ ]xxAA T minλ=       (2.42) 
where λmin is the minimum eigenvalue of the matrix.  Choi, et al. solved Equation 2.42 
using the eigenvalue method.  To solve the equation, the estimation of the integer orders, 
NS and DS, should be preceded.  After determining the orders, the eigenvector [ x ] 
related to the minimum eigenvalue λmin can be computed.  The stability should be 
enforced using the root finding method [25].  The matrix [A] in Equation 2.52 can be 
reformulated to compute the residues corresponding to the stable, common, real and 
complex conjugate poles as below: 
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Equation 2.43 includes the real residues γm for real poles pm, complex conjugate residues 
αn ± jβn for complex conjugate poles pnr ± jpni, real residues ϕk for real poles pk, and it has 
a constant residue δ, linear frequency dependent residue η, and the frequency response G.  
The real parts and imaginary parts are separated to ensure that the coefficients of rational 
functions are real.   
 
Since the solution using the eigenvalue method can generate inaccurate poles, vector 
fitting was proposed to extract accurate stable poles of the rational function [26].  The 
fundamental formulation for vector fitting using the pole-residue form of the rational 
























− ∑∑ == 11    (2.44) 
Using the given poles pds of the rational function, the residues rds and Rds values should 
be calculated.  A constant residue d or a linear frequency dependent residue e may be 
included on some applications.  After estimating the order DS and the stable poles pds of 
the rational function, the method computes the residues using the least square 
approximation, as shown in Equation 2.43.  For extracting new poles in the next step 






















      (2.45) 
where the zeros zds and Zds are the zeroes of the rational function in the left and right side 
of Equation 2.44, respectively, and Zds are used in the following step.  The unstable poles 
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of Zds are appropriately modified for satisfying the stability condition in the iteration 
process.  If the initial guess of the poles is appropriate, the vector fitting method 
generates accurate poles and residues. 
 
When it comes to multi-port system macromodeling, it is more difficult to solve the 
corresponding matrix equation.  A linear time-invariant system with a N-port network 
can be represented as: 
( )[ ]
( ) ( ) ( )
( ) ( ) ( )



























    (2.46) 
If the system has common poles, Equation 2.46 can be rewritten as: 
( )[ ] ( )[ ]( )
( ) ( ) ( )
( ) ( ) ( )





























   (2.47) 
When the system is symmetric (Hij(s)= Hji(s)) along with the common pole assumption, 
Equation 2.46 can be written in the matrix equation form as: 



























  (2.48) 
where M is the number of frequency samples.  Equation 2.48 can be solved by the 
eigenvalue method. 
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Rational function is easily implemented into the commercial circuit simulation tools.  For 
example, one of the prevalent circuit simulators, Spice, provides several function calls 
such as Laplace Transform or Pole-zero Function.  However, the procedure for finding 
appropriate coefficients of the rational function is not an easy task.  As you read in this 
section, there have been many approaches to handle this problem efficiently, but each 
method has some strengths and some weaknesses.   
 
The frequently pointed out problems of the macromodeling approach are summarized as 
bellows. First, macromodeling needs a special calculation technique; it requires effective 
algorithm to generate a reasonable set of coefficients for the rational function, and it 
demands software-coding procedure implementing considerable matrix manipulation and 
computation.  As that kind of knowledge and skill is available for the limited specialists, 
general engineers have no choice but to use an available commercial macromodel 
providing software tool such as Broadband Spice®. But the lumped element equivalent 
circuit model we propose does not need a special software program for implementation, it 
only needs general optimization function that is easily found in circuit simulators like 
Spice or ADS®.  Second, macromodel undergoes the problem of unstable poles.  This 
causes the most troublesome issue in the computer aided circuit simulation, convergence 
error.  Even commercial tools cannot avoid this intrinsic problem of the macromodeling.  
However, the lumped passive element equivalent models are free from this trouble, 
because they inherently satisfy the passivity conditions: 1) all poles of [H(s)] are placed 
on the left half of the s-plane, 2) [H(s)] does not have multiple poles on the imaginary 
axis of he s-plane, 3) the eigenvalues of Re[H(s)] are positive or zero for all frequencies, 
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and 4) the coefficients of [H(s)] are all real.  Third, macromodel cannot deliver internal 
information of the equivalent model.  This originates from the fact that this method 
represents only input-output relationship with numerical expression; it does not include 
physical meaning on each coefficient of the model.  On the contrary, the lumped element 
model we propose in the dissertation can provide some useful information of the device 
from the viewpoint of circuit design.  It directly shows parasitic components such as a 
bonding wire or substrate capacitance, or it can give us a rough 3 dB bandwidth by the 
component values in the resonant circuit parts. 
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Chapter 3 An Improved Wideband Laser Diode Model 
 
3.1 Motivation  
As discussed in Chapter 2, rate equation-based laser diode models require too many 
device parameters such as optical confinement factor, carrier density at transparency, 
photon lifetime, spontaneous emission factor, carrier lifetime, volume of the active region, 
etc. [27].  From the point of a circuit design engineer, measuring all these parameters is 
practically impossible, because a broad and deep understanding of the laser diode physics, 
long measure time, and accurate facilities to take the measurements are necessary.  Then, 
even if all the parameters are measured, if the actual devices show some non-ideal 
behavior or if the measured material properties differ from the material properties of the 
fabricated device, then the resulting model will not be accurate.    
 
Finite-difference time-domain (FDTD) method can provide a more rigorous analysis of 
the physical phenomenon inside a laser diode, taking into account non-ideal geometric 
effects on the device behavior: however, this method consumes enormous computer CPU 
time, and only if the material properties of the lasers are known very well, it will provide 
an accurate simulation result.  Although FDTD simulation could be the best choice for 
laser diode manufacturing engineers who have full access to material properties, this 
method is not an attractive approach for circuit design engineers.   
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 This research proposes to overcome the problems of conventional laser diode models by 
introducing a fast and accurate measurement-based modeling approach.  A wide-band 
lumped element circuit model is for commercial discrete laser diode modeling, and a 
scalable equivalent circuit model is for the laser diode that allows physical dimension 
scaling.  The former is covered in Chapter 3.2, and the latter is delivered in Chapter 3.3. 
 
A small number of attempts reported in literature [28-31] showed relatively promising 
results by a rate equation model or a heuristic circuit model, but these models were not 
scalable, thus it is impossible for circuit designers to change the dimensional parameters 
of the laser by using the models.  If they have an effective scalable laser diode equivalent 
model, they can generate accurate results in less time using fewer resources.  
 
To verify the validity of this proposed method, we fabricated several printed-circuit-
boards (PCBs) for 622 Mbit/s and 2.5 Gbit/s commercial multiple quantum well laser 
diodes, and showed the device performance is well predicted by the model.  For the 
scalable laser model, we used several different cavity length laser devices from the group 
of Prof. Nan Jokerst to make a scalable laser diode model.  The measurement results and 







3.2 The Proposed Wideband Lumped Element Laser Diode Model 
To compare the new method to existing heuristic modeling approaches, a very accurate 
high frequency equivalent circuit laser model will be developed.  This model is more 
advanced when compared with current models of similar type reported in the literature 
[31].    
 
3.2.1 Equivalent Circuit Model for Commercial Lasers 
A multiple resonance small-signal equivalent circuit model for commercial Fabry-Perot 
semiconductor lasers is presented to express both input reflection and electrical-to-optical 
transmission over a wide-frequency range.  Its effectiveness is demonstrated by 
comparing measured and simulated eye-diagrams.  An example of a direct-modulated 
laser drive circuit design demonstrates the accuracy of the proposed model.  This model 
can improve laser drive circuit performance by the enabling proper design of the 
matching circuit. 
 
3.2.1.1 Test Preparations for Commercial Lasers 
We purchased and tested two kinds of connectorized commercial laser diodes at the 
operating speeds of 622 Mbit/s and 2.5 Gbit/s.  The reason for selecting the laser diode 
operating speeds less than 4 Gbit/s or 5 Gbit/s is that it is almost impossible at those 
speeds to de-embed the effects of parasitics of the low speed commercial printed circuit 
boards such as a fiberglass resin (i.e., FR-4) with calibration standards using ultra-small 
surface mount packages and microstrip elements [32, 33].  The features of the chosen 
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1310 nm Fabry-Perot laser diodes modules are summarized in Table 3.1, and their optical 
and electrical characteristics are presented in Table 3.2. 
 
Table 3.1 The selected commercial laser diode features. 
Characteristics 622 Mbit/s Laser 2.5 Gbit/s Laser 
Structure Multi quantum well Multi quantum well 
Wavelength 1310 nm 1310 nm 
Laser Diode Type Fabry-Perot Fabry-Perot 
Operating 
Temperature 
-40 °C to +85 °C Uncooled -40 °C to +85 °C Uncooled 
Packaging 
FC receptacle with 2-hole 
flange 
FC receptacle with 2-hole 
flange 
Applications SONET OC-3/OC-12 SONET OC-3/OC-48 
 
Table 3.2 The selected commercial laser diode optical and electrical characteristics at 25 °C. 
Characteristics 622 Mbit/s Laser 2.5 Gbit/s Laser 
Threshold Current 12 mA (typ.) 10 mA (typ.) 
Fiber Output Power 0.6 mW (min) @Iop =32mA 1 mW (typ.) @ Iop=25mA 
Peak Wavelength 1280/1310/1340 nm 1290/1310/1330 nm 
Spectrum Width 2 nm (typ.) 3 nm (max.) 
Forward Voltage 1.2 (typ.) 1.2 (typ.) 
Rise Time/Fall Time 0.7 ns (max.) 150 ps (max.) 
PD Monitor Current 0.1 mA (min.) 100 μA (min.) 
PD Monitor Dark Current 100 nA (max.) 0.1 μA (max.) 
PD Monitor Capacitance 8 pF (typ.) 6 pF (typ.) 
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Table 3.3 summarizes the maximum ratings.  One of the important consideration factors 
in test board production is soldering temperature.  Excessive soldering-induced thermal 
stress can degrade the performance of a laser diode; meaning temperature stress could 
lower the light output power level and/or slow down the maximum operating speed.  
Paying careful attention to soldering time should avoid similar destructive effects from 
excessive temperature. 
 
Table 3.3 The selected laser diode maximum ratings at 25 °C. 
Characteristics 622 Mbit/s Laser 2.5 Gbit/s Laser 
Laser Forward Voltage 1.2 V 1.2 V 
Laser Reverse Voltage 2 V 2V 
Soldering Temperature < 260 °C < 260 °C 
Soldering Time < 10 sec < 10 sec 
 
The printed circuit board layout and the implemented board for the selected 622 Mbit/s 
laser diode are presented in Figures 3.1 and 3.2, respectively.  The physical distances 
from SMA connectors to the through-hole positions of the laser diode anode and cathode 
are controlled as short as possible to reduce the parasitic effects of printed circuit board.  
As the built-in InGaAs photodiode is solely for monitoring average light output power 
level, the long electrical length of the strip line between the photodiode anode and the 
corresponding SMA connector does not affect the system performance.  In this sense, a 
longer path length is assigned to the photodiode SMA connector.  The purpose of the 
right side rectangular block, as shown in Figure 3.1, is to measure the effect of the laser 
diode strip line path.  Given that the actual operating frequency at the data speed of 622 
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Mbit/s is less than 500 MHz, the angle change between laser diodes input ports is 
designed to have less than 10° difference; thus, it is possible to disregard the effect of 
strip lines and SMA connectors.  
 
 
Figure 3.1 The printed circuit board layout for the selected 622 Mbit/s laser diode. 
 
 
Figure 3.2 The fabricated 622 Mbit/s laser diode mounted on the printed circuit board. 
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Special considerations should be given to de-embed the effects of strip lines and SMA 
connectors in the 2.5 Gbit/s laser diode printed circuit board design.  The printed circuit 
board layout and the fabricated test board with the 2.5 Gbit/s connectorized laser diode 
are presented in Figures 3.3 and 3.4, respectively.  As operating speed increases over 1.0 
GHz, electrical wavelength shrinks to the order of several centimeters; thus, distributed 
models must be used for simulation to include the parasitic effects, such as signal 
transmission loss, propagation delay, and dispersion. 
 
The short-open-load (SOL) calibration kit, one of the simplest calibration structures, is 
implemented on the circuit board where the laser diode is positioned.  Short structure is 
realized by a via-hole from the laser diode anode pad to the ground, or by several wire 
connections between the laser pad and the ground.  No special setup is applied to 
facilitate an open structure; a simple air open is used under the condition of sustaining the 
same physical distances from the surrounding components.  Since the physical size of the 
applied surface mount chip resistor becomes comparable to the quarter wavelength of the 
given operating speed, introducing an accurate 50 Ω load structure is the most difficult 
part at the stage of calibration kit implementation.  To reduce unwanted parasitic effects, 
the 0.04 inch long and 0.02 inch wide ultra small 402 series surface mount technology 
resistor is utilized, as shown at the right bottom edge of Figure 3.3.  The through hole line 
in the middle of the board divides the board into two separate boards, which reduces the 
printed circuit board fabrication cost.  Several dummy patterns are also included in the 
board to deal with various situations; for example, 50 Ω load pad using two parallel 100 





Figure 3.3 The printed circuit board layout for the selected 2.5 Gbit/s laser diode, 
 
 
Figure 3.4 The fabricated 2.5 Gbit/s laser diode mounted on the printed circuit board. 
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3.2.1.2 Measurement Results 
Before conducting AC measurements of the selected laser diodes, DC performance 
should be evaluated to select an appropriate operating bias point that ensures reasonable 
light output power.  A common DC test, named an L-I-V sweep test, constitutes the 
foundation of all laser diode characterization.  The nomination arises because the test 
measures optical light output (L), input driving current (I), and induced diode voltage (V).  
An L-I-V curve includes forward voltage measurements on the laser diode, a lasing 
threshold current test, and optical light output power measurement.  Figure 3.5 shows the 




Figure 3.5 The L-I-V sweep test result for the 622 Mbit/s laser diode. 














As mentioned in the electrical specification sheet (Table 3.2), the optical output power 
level indicates 0.6 mW at 30 mA driving current and the threshold current level records 
12 mA.   
 
Similarly, Figure 3.6 shows the L-I-V sweep test result for the selected Fabry-Perot 2.5 
Gbit/s laser diode.  This device shows better performance than the given electrical 
specification in Table 3.2.  Additionally, 8 mA threshold current and 1.18 mW light 




Figure 3.6 The L-I-V sweep test result for the 2.5 Gbit/s laser diode. 
 
 














The measured input return loss response of the commercial 622 Mbit/s 1310 nm Fabry-
Perot laser diode module is presented in Figure 3.7. As shown, multiple resonances occur 
in the high frequency region where laser driving input signal could have appreciable 
spectral components in the real-world situation; thus, an appropriate model should be 
developed to express these effects up to the high frequency band.  Because 1.55 GHz 
frequency is the fifth harmonic of the 622 Mbps square wave, the laser diode model 




Figure 3.7 The measured input return loss responses of the 622 Mbit/s laser diode. 
The input return loss responses in Figure 3.7 suggest that those responses over the 




















We therefore consider that this laser diode is linear in the higher bias current points than 
the threshold current level; thus, it is possible to make a small signal model with lumped 
elements only. 
 
Figure 3.8 shows the input return loss responses in the Smith chart format, which is a 
powerful tool for designers to develop their intuition about transmission line and 
impedance matching problems.  When a given device possesses a complicated trajectory 
on Smith chart like the response in Figure 3.8, the model needs more passive components 
to express the complex responses in the linear modeling. 
 
 
Figure 3.8 The measured input return loss responses of the 622 Mbit/s 









The measured electrical-to-optical transfer responses of the selected 622 Mbit/s Fabry-
Perot laser diode are presented in Figure 3.9.  Those responses also show that the 
responses over the threshold current level are stable, that is, they differ very little along 





Figure 3.9    The measured electrical-to-optical conversion responses of the 622 Mbit/s 
laser diode at several different bias points. 
 
The measured input return loss response and the electrical-to-optical conversion response 
of the 2.5 Gbit/s laser diode at 30 mA current bias point are presented in Figures 3.10 and 
3.11, respectively.  The input return loss response has simpler trajectory than that of the 






















































3.2.1.3 Multiple Resonance Lumped Element Model 
The simplest single mode laser diode model can be presented by a single resonant circuit 
with parallel conductance, capacitance, and inductance components as shown in Figure 
3.12.  The energy stored in the cavity determines the inductance and the capacitance 
values, L and C, respectively. The gains and losses in the laser diode decide the 







Figure 3.12 The simplest single mode laser diode equivalent circuit model. 
To build an enhanced model for the laser diode, a multiple-resonance conductance-
capacitance-inductance circuit model [31] is applied to represent both input return loss 
response and electrical-to-optical transfer response over a wide frequency range. Figure 


















Figure 3.13 Multiple-resonance small-signal lumped element model for Fabry-Perot laser diodes. 
The parasitic components include contact capacitance Cs, series resistance Rs between 
contacts, and bonding wire inductance Lw. In the intrinsic laser model, the small-signal 
photon storage and the space charge plus active-layer diffusion capacitance are modeled 
by Ls and Ct, respectively. The other equivalent circuit parameters, Rs1, Rs2, and R1 are 
related to the laser diode electrical direct-current (DC) characteristics. Lastly, the output 
voltage across Rs2 represents the optical intensity of a laser [31]. To establish the model 
parameters bounds are determined for each parameter to maintain physical meaning, and 
then the equivalent circuit element values are extracted by fitting the frequency responses 
of the proposed small-signal lumped element model with the scattering parameter sets 
measured from a light-wave component analyzer.   
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The comparison of the measured input return loss response and the model calculated 




Figure 3.14 Comparison with the calculated input return loss and the measured data. 
 
The model parameters for the electrical-to-optical response should be optimized with the 
measured data while they maintain the input return loss characteristics.  The achieved 
electrical-to-optical transmission from the equivalent model in Figure 3.15 coincides with 
the measured data up to 1.2 GHz. These results would have been impossible to 





































3.2.1.4 Eye-Diagram Simulation 
An eye-diagram is a simple and strong visual method to evaluate a digital transmission 
system.  By measuring the width of an eye opening both in the horizontal direction and in 
the vertical direction, the information about a system’s inter-symbol interference (ISI), 
noise and jitter is obtained. 
 
The measured eye-diagram for a commercial 622 Mbit/s Fabry-Perot edge-emitting laser 
is shown in Figure 3.16. The signal was detected using a 10 Gbit/s photo-detector having 
a flat response up to 8 GHz; thus, it is possible that the effect of including the photo-
detector into the total measurement system is negligible. 
 
 
Figure 3.16 The measured eye-diagram from a commercial laser connected with 














A simulated transient analysis using the equivalent circuit model was performed to 
simulate the eye-diagram of the laser diode. In Figure 3.17, the result obtained from the 
equivalent model simulation shows almost similar characteristics with the measured data 




Figure 3.17 The simulated eye-diagram using the proposed model at 622 Mbit/s. 











3.2.1.5 The Proposed Model Application for a Laser Driver Circuit Design 
The main application area of a semiconductor laser diode model is an optical transmitter 
circuit design. Several types of laser driver circuits have been developed with various 
technologies in terms of the different application areas [32-33]. A single-ended type laser 












   
(a)        (b) 
Figure 3.18 (a) Single-ended laser drive circuit, and (b) differential type laser drive circuit. 
A laser diode model has been assumed to be a simple resistor in the conventional laser 
drive circuit. In this case, the frequency-limited characteristics of a real laser cannot be 
considered at the stage of circuit simulation, which severely degrade circuit performance 











resistor load and with the proposed laser model at data rates of 622 Mbit/s and 1 Gbit/s to 
examine the effects of the model. 
 
The applied transistor from Taiwan Semiconductor Manufacturing Company (TSMC) 
0.18μm CMOS process does not impose any speed-limitations in this frequency range. A 
simple resistor-type laser diode model does not predict the system performance 
degradation at high operating frequency (Figure 3.19). However, the simulation results 
using the proposed model successfully present more accurate and reliable responses of 
the real-world circuit design situation (Figure 3.20). 
 
     
(a) (b) 
Figure 3.19 Eye-diagram simulation results using a simple resistor model at 622 Mbit/s (a),  













Figure 3.20 Eye-diagram simulation results using the proposed model at 622 Mbit/s (a),  
and at 1.0 Gbit/s (b). 
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3.3 The Proposed Scalable Laser Diode Modeling 
 
Previously, a building block-based modeling methodology was demonstrated as effective 
in the scaleable modeling of microwave passive devices [34, 35].  The fundamental idea 
behind the modeling procedure is that most designed structures can be split into 
fundamental geometrical building blocks that a designer could clip together to make a 
wide variety of useful devices. Although these building blocks can be defined in a 
number of ways, careful selection results in only a few building blocks being needed.  If 
accurate models for each of the building blocks along with interaction information can be 
obtained, then any arbitrary structure comprised of those building blocks can be modeled 
accurately using the individual block models. 
 
3.3.1 An Example using the Building Block-Based Modeling Methodology 
Figure 3.21 shows the building block modeling of a meander resistor test structure is 
shown in. The serpentine geometry of the resistor can be divided by four fundamental 
building blocks: 1) A probe pad to connect to the test equipment; 2) A square building 
block with connections on opposite sides; 3) A U-shaped section connecting two parrarel 
segments of the resistor; and 4) A coupled block segment to characterize line-to-line 
coupling behavior on a per-square basis.  
 
Each building block is modeled as a resistor-inductor-capacitor (RLC) circuit (Figure 










































Figure 3.22(b) Building block-based equivalent circuit model for the material square primitive part.
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When test structure fabrication and building block circuit extraction are completed, the 
measured scattering parameter data is then used to determine initial guesses and to set up 
optimizations to extract equivalent circuits of the test structure and building blocks.  
Using Hspice or ADS optimization tool, the de-embedded circuit values of the building 
block equivalent circuits are obtained.  The circuit designer now has an accurate Spice-
level model of each building block, which can then be used to design any value or 
configuration meander resistor.  In previous work [36], the behavior of a nine-segment 
meander resistor was predicted from the three-segment meander resistor model using the 
building block-based model. 
 
Although a laser diode is an active device, it is assumed to be a linear device in the small 
operating region.  Particularly, a laser diode shows quite linear performance beyond the 
threshold current level.  For this reason, the building block-based modeling methodology 
can be applied to laser modeling. 
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3.3.2 Building Block-Based Scalable Laser Diode Modeling 
In general, the physical parameters of a laser diode have not been used for optimizing the 
performance of an opto-electronic circuit design.  On the contrary, conventional electrical 
active devices, such as CMOS, bipolar, and hetero-junction bipolar transistors, provide 
various sizing choices for the optimization of overall circuit performance.  Several 
changeable parameters comprise laser diode fabrication, including cavity length, ridge 
width, and mirror reflectivity.  If material level control is possible, band-gap engineering 
through changing the number of quantum wells, doping concentration, or introducing 
strained layers will allow more flexibility in a design.  From a practical point of view, 
cavity length change is perhaps the best parameter to vary as it can be easily achieved 
with device cleaving, and it results in significant changes in output power and frequency 
response.   
 
The concept of scaling laser diode cavity length is presented in Figure 3.23.  Changing 










Figure 3.23 Conceptually divided regions for a scalable laser diode model. 
 
The laser front region and back region are considered separately to represent the different 
conditions at the cavity edges.  For example, the anti-reflection coated backside plane of 
a cavity could be differently modeled than any other block such as front block or basic 
block.  Figure 3.24 depicts a possible building block-based, cavity length scalable, small-











Figure 3.24 Building block-based, cavity length scalable, small-signal high-frequency equivalent 
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The goal of this research is to develop and validate this type of scalable laser diode model.  
Parasitic components such as contact capacitance, contact series resistance, and bonding 
wire inductance, are modeled in the parasitic block.  The dots in the middle region 
present the repetition of the basic blocks.  The effect of DC bias on the linear components 
will also be addressed.  This will most likely take the form of a series of models at 
different bias current per block.  The possibility of developing a scalable unified large-
signal model will be investigated but may be beyond the scope of this current project. 
 
In summary, laser diode cavity length variation or ridge width variation can provide 
different electrical properties in a circuit design, which expands the flexibility of 
performance optimization.  Scalable equivalent circuit models for those devices enable 
circuit designers to simulate accurate performance before actual fabrication. 
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3.3.3 Ridge Waveguide Laser Diode Fabrication and Measurement 
3.3.3.1 Multiple Quantum Well Laser Diode Fabrication 
1.3 μm wavelength InP/InGaAsP 5 quantum well ridge waveguide (RWG) lasers are 
implemented at the Microelectronic Research Center (MiRC) by Prof. Nan M. Jokerst’s 
group. 
 
Before proceeding into DC and high-frequency measurement sections, a brief review of 
the fabricated laser diode physical structure is given.  The top view of the lasers is given 
in Figure 3.25 (a), and a three-dimensional schematic representation is shown in Figure 
3.25 (b).  A microwave probe is used to measure the performance of the devices (left side 
of Figure 3.25 (a)). The common microwave probe is a ground-signal-ground (GSG) type, 
but a signal-ground (SG) or ground-signal (GS) type probe is also adopted in case a 
narrow pitch size probe is required.  As the cavities of the lasers are obtained by cleaving, 
the cavity lengths remain the same. The individual ridge widths are different, as indicated 
in Figure 3.25 (a). 
 
The side view of the laser structure in Figure 3.25 (b) shows about a 2 μm height 
difference between the p-type anode pad and n-type cathode pad.  Benzocyclobutene 
(BCB) based polymer dielectric material is deposited on the laser surface, and then via 
holes make connections to each pad.  Using this method, both anode and cathode pads 
can be made on the same level.  This planar pad design is specifically developed to avoid 



















Figure 3.25 The fabricated 1.3 μm multiple quantum well ridge waveguide edge-emitting laser diodes 




















3.3.3.2.1 DC Performance Measurement 
The nonlinear DC light-current (L-I) relationship of a laser is important from the circuit 
design standpoint. A laser diode having a high threshold current level needs high DC bias 
current, which increases overall power dissipation in the system.  The circuit designer 
needs to ensure that the input current dynamic range is positioned above the threshold 
current level to ensure high-speed operation.   
 
The light-current (L-I) characteristics of the fabricated 1.3 μm wavelength multiple 
quantum well edge-emitting thin-film laser diode were measured (Figure 3.26).   
 

























Figure 3.26 The average light-current characteristics of the fabricated thin-film laser diode at 
0.1 μsec pulse duration and with different duty factors.  For increased duty factor there is more light 
as the laser is on for more time. 
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The measured laser showed a 28 mA threshold current and 0.02 mW/mA slope efficiency.  
When the pulse duration is fixed, an increased duty factor – i.e., increased driving current 
causes the laser diode to generate more light output.  Unfortunately, the fabricated thin-
film laser could not be operated continuously at room temperature (continuous wave or 
CW operation), which is an unexpected drawback. As seen in Figures 3.26 and 3.27, the 
light output for short pulse lengths (0.1 and 0.3 μsec) at 10 % duty factor shows clear 
laser operation. 
























Figure 3.27 Light-current (L-I) characteristics of the fabricated thin-film laser diode at different 
pulse durations with the 10 % duty factor. 
 
 
However, as shown in Figure 3.27, longer pulse lengths cause the laser to stop lasing.  As 
our focus lies on finding a reliable scalable laser diode modeling, we used numerically 
derived scalable rate equation model to show the validity of the proposed scalable laser 
diode model.  
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3.3.3.2.2 Laser Diode Calibration for High Frequency Measurement 
A laser diode is an electro-optic device converting an electrical input signal into an 
optical output signal. Thus, both electrical input reflection characteristics and electrical-
to-optical (E/O) transfer characteristics should be considered in the equivalent circuit 
model.  The two other factors normally required for complete scattering parameters, 
namely, optical-to-electrical feedback and optical output reflection, will be assumed to be 
negligible for circuit design applications.  
 
Whenever we measure the characteristics of a laser diode, several unwanted and 
inevitable errors are included in the measurement data. Thus, calibration is needed to de-
embed those errors.  Typical errors are non-ideal input power source, cables, on-wafer 
probe, and signal detector.  Figure 3.28 shows an example of a custom-made calibration 
kit.  After calibration, the measurement reference plane becomes the plane “B,” removing 
the effects of all of interconnects to that point.  Conventional RF calibration would only 
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3.3.3.2.3 Direct Modulation High Frequency Performance Measurement 
One of the most important aspects of laser diode operation is its high-frequency response.  
In other words, when the laser current is directly modulated from a drive circuit, we are 
interested in how fast the laser diode responds to the input change and whether the light 
output faithfully follows the given current drive pulse or not.  
 
The electrical-to-optical transfer performances of the fabricated laser diode bare chips 
were measured with the HP 8703A Lightwave Component Analyzer (LCA).  The 
calibrated internal photo-detector of an LCA transforms optical power of a laser diode 
into an electrical current form.  Characterizing a laser diode with LCA scattering 
parameter measurement results is the most precise and convenient approach.  
Unfortunately, as mentioned in the previous section, CW (non-pulsed) operation of the 
fabricated laser diodes has not been obtained.  We considered several possible solutions 
to this problem.  However, none produced reliable measurement.  A possibility of making 
enhanced laser diodes emitting stimulated light output at room temperature has not been 
rule out.  However, laser diode fabrication is beyond the proposed research. 
 
One of the practical solutions was a pulsed mode transient response measurement.  Its 
likelihood was demonstrated in the laser DC performance measurement showing 
significant stimulated-light emission in a short pulse input.  The approach is based on that 
the modulated input signal with a sine wave and a short pulse train does not make a laser 
diode enter the region of spontaneous emission operation.  When analyzing the output 
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waveform of a laser, additional consideration should be given to a turn-on time interval 
of the laser, which degrades laser speed performance because of spontaneous emission. 
 
Shown in Figure 3.29 is a simple schematic of the pulsed mode transient response 
measurement.  If the bandwidth of a photo-detector is wide enough to cover the 
bandwidth to characterize a laser diode, the calibration of a photo-detector is very easy, 
because the optical-to-electrical (O/E) transfer performance of a high-speed photo-









Figure 3.29 The set-up for the pulsed mode transient response measurement. 
 
Before measuring the fabricated quantum well laser diode, we confirmed the validity of 
this method by testing several commercial laser diodes.  However, the measurement 








A more sophisticated measurement was also conducted by using a network analyzer with 
a pulsed S-parameter configuration that requires a pulse generator to provide the pulse 
signals and timing to the test set.   
 
3.3.3.3 Conclusion  
Despite the extensive trials to measure the fabricated laser diode performance, we could 
not secure reliable AC measurements.  It is considered that the main source of these 
problems arose from the failure of a stable DC operation.  If the fabricated devices were 
designed with an appropriate thermal consideration, they could have shown reasonable 
DC and AC performance. 
 
However, the original goal of the latter half of our work is to find and validate a building 
block-based scalable laser model.  Thus, we derived a scalable rate equation model 
instead of fabricating another quantum well laser diodes.  The following chapters explain 
the prcesses. 
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3.3.4 Building Block-based Scalable Laser Modeling to the Numerically 
         Derived Scalable Rate Equation 
3.3.4.1 Numerical Derivation of the Scalable Rate Equation 
One of the laser diode small-signal equivalent circuit models was explained in Chapter 
2.3.1. Detailed theoretical derivation and model improvement for device scaling are 
covered in this section.  The modeling components presenting deep-level traps [8] are 
intentionally omitted and modified to include scalable factors of the quantum well laser 
diode model.  
 
The single-mode rate equations in Chapter 2.2.1 are modified for convenience of 















τ ,    (3.2) 
where C′ is the speed of light in the medium, τp is the photon lifetime, β is the 
spontaneous-emission coupling coefficient, Gm is the optical gain, and B is the 
conventional band-to-band recombination coefficient.  The first equation requires that the 
time rate of change for the charge density in the active region is equal to the current flow 
into the region, and carrier losses from spontaneous emission and stimulated emission.  In 
the same manner, the second equation requires that the time rate of change for the photon 
density in the laser device can be expressed with the absorption in the active region and 
the sum of spontaneous emission and stimulated emission. 
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By introducing a new parameter of optical voltage into the equivalent circuit model and 
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.  (3.4) 
The active region length and width are given L and W, respectively.  The left term on the 
above equation includes the charge storage effect in the active region. 
j
wn dV
dNLWdqNC ⋅≡ .     (3.5) 
The radiative recombination current I in the quantum well region, can be presented by 












.   (3.6) 
The average light output power Pout that carries the physical information [42], is 
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where νω ⋅=⋅= hEph h . 
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Using the introduced parameter Pavg, the time rate of change for the photon density dS/dt 











.    (3.9) 
 
















′ .  (3.10) 
 
A small perturbation vj⋅exp(jωt) should be superimposed to the steady state solution of 
rate equation to construct a small signal equivalent circuit model at the given externally 
applied bias voltage, i.e., V(t) = V0 + vj⋅exp(jωt), and let 
)exp()( 0 tjiItI ω⋅+= ,    (3.11) 
)exp()( 0 tjnNtN ω⋅+= ,    (3.12) 
)exp()( 0 tjgGtG mmm ω⋅+= ,    (3.13) 
)exp()( 0 tjsStS ω⋅+= ,    (3.14) 
)exp()( 0 tjpPtP avgavg ω⋅Δ+= ,    (3.15) 
where I0, N0, Gm0, S0, and Pavg0 are the respective steady state solutions of the rate 
equations and the optical gain equation.  Some are presented in the previous chapter 2.3. 
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Equation 3.6 can be transformed into the equation below using Equations 3.11-3.15: 




ωω ⋅+⋅Γ+⋅+   
 )exp())exp(( 0 tjvCjtjpP jnavg ωωω ⋅⋅+⋅Δ+× .   (3.16) 
By neglecting higher order terms in the above equation, only the terms that include 
exp(jωt) remain and are summarized as follows: 
)exp(2)exp( 0 tjnNLBWdqNtji w ωω ⋅⋅⋅=⋅  









ωω ⋅ΔΓ+⋅Γ+  
)exp( tjvCj jn ωω ⋅+ .              (3.17) 





42 . (3.18) 
Further simplification is possible with the introduction of new parameters, 
LWdqNG wsp ≡ ,     (3.19) 
ph
st E
qLG Γ≡ 4 .     (3.20) 
Thus Equation 3.18 can be written as 
( )pGgPGnBNGivCj mmavgstspjn Δ+−−= 0002ω .  (3.21) 
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To derive a lumped-element small signal equivalent circuit model, several theoretical 















































































































α ,      (3.25) 
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.       (3.28) 
The average loss and the photon storage effect in the Fabry-Perot resonator structure are 
represented with Rl and Cop, respectively. 
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pgivCj −−Δ⋅′−=ω .   (3.29) 
Similarly, Equation 3.10 can be expressed by applying Equations 3.22-3.28 as  
( ))exp(2)()exp(4 0 tjnNBWdENtjpjC phw ωβωω ⋅⋅⋅=⋅Δ⋅′  








− .           (3.30) 
After removing common term exp(jωt) and using the definitions 3.25-3.28, Equation 



































pg +Δ⋅′= .         (3.35) 
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Finally, a scalable small-signal equivalent circuit model for quantum well lasers can be 
obtained from Equation 3.29 and 3.31. Before presenting the equivalent model, cavity 
length scalable components should be defined and summarized (Table 3.4). 
Table 3.4 Cavity length scalable equivalent circuit model components summary. 
Component Description Scale factor 
Rb Series resistor × 1 
Cd Depletion and diffusion capacitance × L  
Rd Depletion and diffusion resistor ×
L
1  










































































lα  Intrinsic loss × 1 
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3.3.4.2 Circuit Implementation and Simulation Results 
By applying the introduced cavity-length scalable factor L, Equations 3.29 and 3.31 can 
construct a scalable small-signal equivalent circuit laser diode model for the use of 
general nodal circuit simulators such as Spice and Agilent ADS®.  Figure 3.30 shows the 
obtained cavity-length scalable small-signal equivalent circuit model for multiple 
quantum well laser diodes, and Figure 3.31 presents the actual schematic implementation 



























































Figure 3.31 The actual schematic implementation for the theoretically derived scalable circuit model. 
 
The cavity length dependent circuit components are included in the variable definitions at 
the bottom of Figure 3.31.  Changing the parameter L_var value can control the length of 
the nominated cavity length.  For example, defining L_var=1.3 implements a 30 % 
increase to the cavity length. 
 
The electrical-to-optical conversion response for the nominated cavity length is shown in 




           
Frequency (GHz) 
Figure 3.32 The electrical-to-optical conversion response of the theoretically derived circuit 
model with no change of the nominated cavity length, 
 
Table 3.5 Parameters for the theoretically derived equivalent circuit model. 
Parameter Description Value 
Rb Series resistor 4 Ω 
B Radiative recombination coefficient 3.4×10-11 cm3s-1 
β Coupling coefficient 1.0×10-3 
R Reflectivity 0.3 
Γ Mode confinement factor 0.187 
lα  Intrinsic loss 11.8 cm
-1 
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Using this theoretically derived scalable laser diode circuit model, the electrical-to-
optical conversion responses are simulated along the different cavity lengths.  The extent 
of cavity length changes should be confined within ± 20% or ± 30% variation to secure 
linear shifts of the device performances.  Excessive cavity length variation from the 
designated value may require non-linear modeling approaches.  Figure 3.33 shows the 
electrical-to-optical conversion performance changes along ± 30% cavity length 
variations. 
 
             
      Frequency (GHz) 
Figure 3.33 The electrical-to-optical conversion response of the theoretically derived circuit 
model with 3 different cavity lengths. 
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3.3.4.3 Effectiveness Demonstration of the Building Block-Based Scalable                        
            Laser Model 
The basic concept of the building block-based scalable model is presented in Chapter 
3.3.2.  The total circuit shown in Figure 3.34 is composed of 13 identical building blocks.  
Device scaling is achieved by the addition or elimination of the basic building block that 
is enclosed by the black rectangle in the first row of the figure.  For example, the 
structure that is obtained by removing both “section A” and “section B” corresponds to 
30% cavity length decrease, and the structure by removing only one section corresponds 
to the nominated cavity length.  
 
 





The process of fitting the scalable model to the simulated scattering parameters from the 
numerically derived scalable rate equation is explained as follows.  First, the electrical to 
optical transfer response from the selected building block should have a similar trajectory 
with the derived rated equation model response.  If this condition is not met, then 
additional cascading of the ill-chosen building blocks cannot construct a well predicting 
model.  Second, reasonable initial values should be assigned to the basic building block.  
The first resonant frequency of the derived rate equation model can give a rough 
boundary on the approximate values of inductance and capacitance in the selected 
building block.  This initial guess is also important for optimization time.  In addition, a 
poor initial guess can cause nonphysical values like negative inductance or capacitance.  
Third, the number of building blocks should be decided according to the range of cavity 
length variation.  For example, ten building blocks in Figure 3.34 were chosen to express 
the nominated cavity length laser, therefore adding or deleting one building block can 
express 10% length increase or decrease.  If narrower step size such as a 5% variation is 
needed, the number of building blocks should increase.  Because large length variation in 
real-world laser diodes can lead to non-linear variation of performances, a proper 
boundary limitation should be given on the cavity length change. Fourth, the optimization 
to the nominated cavity length is conducted, and then scalability is checked with adding 
or deleting basic building blocks at the shortest or longest cavity length.  It should be 
remembered in the optimization process that the components values in each block are 




In this chapter, the effectiveness of the building block modeling approach is 
demonstrated by the comparison of the numerically derived scalable rate equation result 
and the building block-based scalable laser model simulation result.  Figure 3.35 shows 
their normalized electrical-to-optical simulation results. 
 
                    
      Frequency (GHz) 
Figure 3.35 The electrical-to-optical conversion responses of the theoretically derived circuit 
model simulation and building block-based model simulation with the nominated cavity length. 
 
The simulated response with the proposed building block-based model shows a good 
agreement with the obtained result using the scalable rate equation model.  It is important 
to prove that the building block-based model can predict the given laser diode 
performance variation along the change of cavity length by adding or eliminating the 
number of building blocks.  The effectiveness of this building block model is confirmed 
in Figures 3.36 and 3.37. 
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                   Frequency (GHz) 
Figure 3.36 The electrical-to-optical conversion responses of the theoretically derived circuit 
model simulation and building block-based model simulation with a 30% cavity length decrease, 
 
                    
                    Frequency (GHz) 
Figure 3.37 The electrical-to-optical conversion responses of the theoretically derived circuit 
model simulation and building block-based model simulation with a 30% cavity length increase. 
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3.3.5 The Model Application for the Circuit Design 
3.3.5.1 Laser Drive Circuit Design for an Optical Transmitter 
The simple optical transmitter circuits, such as a single-ended laser driver and differential 
type laser driver, were discussed and simulated in Section 3.2.4.  For simplicity, high-
performance broadband transistors were selected to not interfere with the comparison of 
the performance difference between the proposed multiple-resonance model and the 
conventional model.  For many applications, this situation is very unusual in that the use 
of high-performance devices increases product cost directly. Transistor models with a 
reasonable bandwidth budget should be used in the real circuit simulation and 
implementation in this regard.  
 
3.3.5.2 Performance Optimization through the Laser Diode Scaling 
After obtaining a reasonable scalable equivalent circuit model for the fabricated laser 
diodes and selecting an appropriate optical transmitter topology, overall optical 
transmitter performance can be simulated and optimized by changing available circuit 
parameters.  Especially, laser diode scaling will be used for the circuit performance 
enhancement.  The optimization goal could be maximum operating frequency, low power 
consumption, or maximum electrical-to-optical (E/O) transfer gain.  Achieving a wide 
opened eye-diagram (as an optimization goal) could be a meaningful starting point. 
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Chapter 4. Conclusion 
 
In the case of a commercial discrete laser diode modeling, the proposed wide-band 
multiple-resonance lumped element small-signal laser circuit model showed remarkable 
accuracy in simulation.  Particularly, the proposed model could express two important 
factors in laser diode performance such as electrical-to-optical conversion and input 
return loss at the same time.  Eye-diagram simulation in time domain also validated its 
effectiveness.   
 
Unfortunately, in scalable laser diode modeling, the fabricated lasers failed to show 
reliable performances: thus, we derived a scalable rate equation-based circuit model by 
using numerical analysis.  As our goal is to show that the proposed scalable model can 
predict the performance change along device scaling, applying theoretical device instead 
of using a real device can be justified.  The proposed building block-based laser diode 
modeling approach also demonstrated reliable simulation results. 
 
As the proposed laser diode models offered fast and reliable simulation capability, the 
results show that we can improve the accuracy of optoelectronic circuit design by using 
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